Evidence from diverse studies, such as protein design experiments and analysis of the emergence of drug resistance in human immunode®ciency virus 1 (HIV-1), indicates that protein function can be diminished or altered by mutations at positions distant from the classic functional' site. Furthermore, results from correlation analysis of the ligand-binding domain of nuclear receptors suggest that mutation events at positions distributed throughout a protein domain may be involved in functional diversi®cation during the evolution of homologous domain families. This review explores potential applications for a protein design procedure based on correlated substitutions.
INTRODUCTION
Extensive protein sequence comparisons, made possible by the large-scale sequencing of prokaryotic, archeal and eukaryotic genomes, have consistently revealed the modular composition of proteins, and have enabled detailed evolutionary studies of their constituent smaller units, termed domains. Partial gene duplication and recombination are thought to be the primary mechanisms for the generation of protein domain diversity. In this process, the portion of a gene encoding a given domain is duplicated and, subsequently, one copy maintains the original function while the other is free to evolve new functions. Data on protein three-dimensional structure similarly show that larger proteins are often made up of distinct structural units that are compact and often local in sequence. 1 Some of these structural domains are thought to fold independently within the context of the whole protein. Structural domains can be covalently linked to create multi-modular proteins exhibiting extensive or minimal contact between domains. Novelty in protein function often arises as a result of the gain or loss of domains, or by reshuf¯ing existing domains along the linear amino acid sequence. In some cases, one domain may also be found inserted into another, splitting the original structure into a discontinuous domain, comprising several non-local segments of the amino acid chain. Thus, protein domains can be seen as stable units of evolution, and the organisation of protein structure ought to be approached by classi®cation at the domain level.
During the last decade, several groups have developed structural classi®cation schemes, typically employing a combination of sequence and structure comparison methods (eg SSAP, 2 DALI 3 ). Lists of structural neighbours have been constructed (eg VAST, 4 DALI, 5 DIAL 6 ), and several more complete domain-based classi®cation schemes, providing phenetic description of structure together with phylogenetic relationships, have been generated (eg SCOP, 7 The CATH Dictionary of Homologous Superfamilies (DHS) allows examination of the functional repertoire within a given family over the Internet. 12 Protein domain evolution is most often conceptualised as a series of independent state changes at single sites. Consequently, investigations of functional evolution commonly focus on mutational changes in a closely circumscribed part of the protein structure, such as the catalytic site in enzymes or the ligand-binding site in a receptor, while other parts of the structure are thought to make little or no contribution. There is, however, experimental evidence indicating that function can be diminished or altered by mutations distant from the classic functional' site. 13±15 Another example of great clinical relevance, the emergence of drug resistance in human immunode®ciency virus 1 (HIV-1) protease, involves amino acid mutations distant from the active site where the inhibitor binds. 16, 17 Importantly, the success of engineering new functions or substrate speci®cities can crucially depend on modi®cations of regions spatially distant from, but functionally linked to, the active site.
11,18±22 Recent work suggests that small conformational effects of residues distributed throughout the domain play a role in shaping the active site for substrate complementarity. 15, 22 Ultimately, functional diversi®cation is constrained by the need to maintain structural stability. As suggested by the cited examples from evolutionary studies and protein design experiments, mutations at sites distant from the classical ligand-binding/active site may play an important role, possibly by stabilising the domain fold. Can these sites be identi®ed by computational methods and utilised for protein design?
IDENTIFICATION OF CORRELATED MUTATIONS
If mutation events at positions distributed throughout the domain are involved in functional diversi®cation, it may be possible to identify these sites by detecting coevolutionary relationships with positions located at the functional site. The evolutionary history of a domain, contained in a sequence alignment, is a record of successful mutagenesis experiments carried out by nature. A multiple sequence alignment indicates the extent to which speci®c residues may be changed without destroying domain structure. At the same time the alignment can identify those residues that need to be changed to create a new function within a similar structural framework. Pairs of coevolving positions can be predicted from a sequence alignment of a domain family by correlation analysis. In cases where a global alignment of a multidomain protein family can be constructed, this analysis method may also be used for the detection of correlated substitutions that have occurred across domain boundaries. A range of methods for the detection of correlated amino acid substitutions, and the generation of hypotheses of structural/functional relationships between residues, have been developed, including analysis of correlations based on amino acid relatedness, 23, 24 statistical evaluation of the pairwise amino acid substitution frequencies, 25, 26 analysis of correlations in terms of physicochemical property values, 24, 27 maximum likelihood 28 and information-theoretical approaches.
29±34
Data obtained from correlation analysis have so far primarily been used as a source of distance information for protein structure prediction, based on the assumption that correlated position pairs will tend to be adjacent in threedimensional structure. 23±25,27,35,36 However, these studies have met with only limited success, although potentially better results are obtained when applied to protein docking. 35 Analysis by Pollock and Taylor 37 
CORRELATED MUTATIONS AND FUNCTIONAL EVOLUTION
Using the ligand-binding domains of steroid receptors as an example, this section will illustrate how identi®cation of correlated mutations can be used to investigate the evolution of new functions in protein domain families. Steroid, thyroid and retinoid hormones make up the broadest class of gene-regulatory ligands known. Their receptors belong to the diverse superfamily of nuclear receptors (NRs) that function as ligandinducible transcription factors. 38 During the evolution of the nuclear receptor superfamily, the ligand-binding pocket has evolved to allow binding of ligands possessing strikingly diverse chemical structures. 39 The ligand is completely buried within the domain interior and contributes to the hydrophobic core of the active conformation of the receptor. 40 Therefore, structurally diverse ligands and the ligand-binding residues combined need to be able to maintain structural stability and domain dynamics (conformational changes). How is this potential con¯ict between structural constraints and functional diversity in terms of ligand binding resolved within the domain fold? Is evolutionary change locally con®ned to the ligand-binding pocket, or does it also involve distant coevolving positions?
Mutual information analysis can be used to reveal coevolutionary relationships between the amino acid positions in domain families. A formal measure of variability at position i is the Shannon entropy, H(i )X H(i ) is de®ned in terms of the probabilities P(s i ), of the different symbols, s, that can appear at a sequence position (ie for amino acid sequences s 20, for the 20 possible states of amino acid occurrence).
31 H(i ) is de®ned as
Mutual information is de®ned in terms of entropies involving the joint probability distribution, P(s i , s9 j ), of occurrence of symbol s at position i, and s9 at position j.
The associated entropies for each position i and j are
The joint entropy is de®ned as
The mutual information, M(i, j ), is de®ned as
If the positions are independent, their mutual information is 0. If, on the other hand, the positions are correlated, their mutual information is positive and achieves its maximum value if there is complete covariation. Given a set of sequences that are assumed to be independent and identically distributed samples from a probability distribution, one can independently estimate each pairwise probability distribution for every pair of positions by frequency counting. However, sequences belonging to a domain family are not independent samples, but are related through shared ancestry described by a phylogenetic tree. A simulation experiment can be performed to estimate the mutual information content between position pairs that is created by tree inheritance alone. 29, 34 This procedure simulates the evolution of sequences by random mutations along a phylogenetic tree obtained from the domain sequence alignment. Using the outgroup as a seed, random sequences are evolved following the phylogenetic tree obtained from the real data set. During simulated random mutation of sequences, the state of the sequence is duplicated at a bifurcation point in the tree, and the two copies are then independently evolved. Every amino acid can mutate with equal probability to any other amino acid. The procedure is repeated numerous times, and signi®cance threshold values are determined from the frequency distributions of the mutual information scores in the control and real data sets. These threshold values indicate the probability of any given mutual information score not being due to inheritance through the tree. Depending on the problem to be addressed, values may be set at different levels.
A network of coevolving positions that are distributed throughout the NR ligand-binding domain was identi®ed with this method ( Figure 1A) . 30 A low noise-to-signal ratio was obtained by setting a high con®dence threshold (80 per cent con®dence that the mutual information score was not due to tree inheritance). Interestingly, 72 per cent of coevolving pairs involve positions in the ligand-binding pocket. Some 36 per cent of pairs make direct ligand contacts, and a further 36 per cent are adjacent to ligandcontacting positions.
While desirable from a statistical point of view, a high cut-off value may cause correlated pairs that are linked to evolution in domain subfamilies to be overlooked. This is because mutual information scores for positions that coevolve only in a subset of family members will be lower than those for pairs coevolving in the entire family and may be classed as noise (false negatives). To detect these relationships, the con®dence threshold needs to be set at a lower level with a concomitant trade-off between sensitivity (minimising false negatives) and inclusion of false positives that are due to tree inheritance. To increase sensitivity, the con®dence threshold was next set at 60 per cent. 
MODELLING COEVOLUTIONARY NETWORKS
Constraint satisfaction within coevolutionary networks can be understood as a form of paralleldistributed information processing and can be modelled by arti®cial neural networks (ANNs). 30, 41 For the purpose of building an ANN model of a coevolutionary network, a protein is conceptualised as a chain of agents in a linear sequence, each of which can take on 1 of 20 states. 30 The agents are understood as mechanisms for mediating interactions, 42 and state transitions in agents (mutations) may lead to a modi®cation in the patterns of interactions, sometimes resulting in a change in structure/function. The state transitions are constrained by rules, 42 and all possible state sequences are the outcomes of a succession of transitions speci®ed by these rules. Within this framework, structure/function can be seen as an emergent property, the result of context-dependent interactions, that changes over time. 30 The state transition rules can be encoded in the values of the connection weights of the ANN model.
The evolution of new functional sites within the context of a coevolutionary network can be modelled by a classical fully connected feedforward neural network (Figures 2 and 3) . 30 The inbuilt directionality of this type of neural net corresponds to selection pressure on the domain for evolving new functions. During training, the network is presented with instances of functional sites (input) and associated amino acid identities at coevolving positions (output) taken from domain family sequence alignments, and trained to associate outputs with input patterns. When the network is subsequently used for modelling, it identi®es the input pattern and tries to produce the associated output pattern. When a pattern that has no output associated with it is given as input, the network predicts the output based on the rules learnt in the training phase. This property is responsible for the potential of ANNs as a novel tool in protein design. For example, given an arti®cially designed functional site as input, the ANN will predict compensatory states of the coevolving agents based on the learnt state transition rules.
To assess wider usefulness of this method in protein design, extensive analysis of the frequency of occurrence of coevolving networks in domain families, and of their statistical and spatial structures, is needed. Furthermore, the neural network modelling procedure requires re®nement and experimental validation. Importantly, applications for different ANN architectures warrant further exploration. Non-directional ANN models, such as Hop®eld Nets, 41 may prove valuable for modelling certain patterns of coevolution, such as bidirectional processes (functional sitecompensatory site substitutions occurring together with initial substitutions anywhere in the protein structure that are followed by compensatory changes in the functional site) or correlated pairs of positions that are both located in the functional site. ANN domain modelling will also bene®t from the sequencing of more members of domain (super)families, which will reveal a wider range of sequence variation for the training of the neural network. The larger the training set, the more sensitive will be the ability of the network to simulate domain evolution in silico.
Arti®cial neural network modelling may be applied in protein design . 30 Input and output layers were encoded by two-dimensional binary amino acid identity matrices. A training set derived from 80 nuclear receptors, representative of the entire superfamily, and a validation set obtained from 20 additional receptors were employed for network training. To avoid local minima problems and poor convergence behaviour, conjugate gradient descent was used as the network training paradigm. The mean square error (MSE) for the training cycle (after 200 epochs) and the validation cycle was 0.0003. Here, the activation states of the network elements for one validation pattern are depicted as an example. Links between elements are not shown
POTENTIAL APPLICATIONS IN PROTEIN DESIGN: AN EXAMPLE
ANN modelling of coevolutionary networks in protein domains may be useful in the design of novel proteins. For example, the modular nature of nuclear receptors allows the creation of synthetic receptors made up of a DNA-binding domain and a ligand-binding domain of different origins and, therefore, makes possible the design of novel regulatory factors by fusion of speci®cally designed domains. Employing this strategy, positive and negative regulation of gene expression was achieved in vivo using an inducible binary transactivation system. 43, 44 The main component of this inducible system is a chimeric transcriptional activator consisting of an N-terminal VP16 transcriptional activation domain fused to a yeast GAL4 DNA binding domain and a mutated human progesterone receptor ligandbinding domain designed exclusively to bind the anti-progesterone RU486. An adenoviral vector, incorporating this system, can be employed in transgene regulation for tissue-speci®c gene expression, such as in animal models of human disease.
Transgenic mice have been used as models for tissue-speci®c gene regulation and to examine the effects of altered expression of a speci®c gene in disease processes such as tumorigenesis. Because of the deleterious effects of constitutive expression of transgenes, which frequently result in prenatal or postnatal death, only a limited number of disease models have been established in transgenic mice. The inducible binary transactivation system permits the control of transgene expression in a tissue-speci®c and inducible fashion in mice. 45 In this system, transcription of the target transgene is kept silent until turned on by the administration of an exogenous compound.
This example illustrates only one of many potential uses for designed ligandregulated proteins. ANN modelling, based on the coevolutionary relationships between ligand-binding sites and coevolving positions, may enable one to signi®cantly extend the scope of structurally viable domain modi®cations for novel ligand interactions.
CONCLUDING REMARKS
Evidence from experimental and theoretical studies suggests that coevolutionary mechanisms may play an important role in the functional diversi®cation of protein domain families. However, reliable identi®cation of correlated mutations by computational methods still constitutes a challenge. This is an important problem deserving further investigation, not least because of its potential implications for protein design. If the present limitations can be overcome, this aspect of molecular evolution may come to form the basis for powerful new design tools. 
